Abstract-In this study, UBM material systems for flip chip solder bumps on Cu pads were investigated using the electroless copper (E-Cu) and electroless nickel (E-Ni) plating methods; and the effects of the interfacial reaction between UBMs and Sn-36Pb-2Ag solders on the solder bump joint reliability were also investigated to optimize UBM materials for flip chip on Cu pads. For the E-Cu UBM, scallop-like Cu 6 Sn 5 intermetallic compound (IMC) forms at the solder/E-Cu interface, and bump fracture occurred along this interface under a relatively small load. In contrast, at the E-Ni/E-Cu UBM, E-Ni serves as a good diffusion-barrier layer. The E-Ni effectively limited the growth of the IMC at the interface, and the polygonal-shape Ni 3 Sn 4 IMC resulted in a relatively higher adhesion strength compared with the E-Cu UBM. As a result, electroless deposited UBM systems were successfully demonstrated as low cost UBM alternatives on Cu pads. It was found that the E-Ni/E-Cu UBM material system was a better choice for solder flip chip interconnection on Cu pads than the E-Cu UBM.
I. INTRODUCTION

F
LIP chip solder bump joints require an appropriate UBM (under bump metallurgy). The UBM for the solder bump needs to provide several functions such as solder wetability, a diffusion barrier between the pad and the solder, good adhesion, and the adequate electrical conductivity. For conventional Al pads, various thin-film based UBM systems, Ti/Cu [1] , Ti-W/Cu [2] , Cr/Cu [3] , Ti/Ni/Cu [4] , and so on have been reported. In addition, electroless-deposited Ni film has been investigated as an UBM alternative [5] . The electroless-deposited Ni film has many advantages such as selective autocatalytic metal deposition, easy processing, and relatively low capital investment compared with the thin-film vacuum processes [5] , [6] .
Recently, Cu is considered as a promising chip interconnection material in Si-based integrated circuits due to its lower electrical resistivity and better resistance to the electromigration than Al alloys [7] . However, not many studies have been performed on the flip chip interconnection of Cu chips. Therefore, it is necessary to design UBM material systems of Cu pads in terms of the process, the reliability, and the fabrication cost.
In this study, we have investigated the new UBM material systems of Cu pad using electroless copper (E-Cu) and electroless nickel (E-Ni) plating techniques; and effects of the interfacial reaction between E-Cu and E-Ni UBMs and Sn-36Pb-2Ag solders on flip chip solder bump reliability were investigated to optimize UBM materials designed for the flip chip on Cu pads.
II. EXPERIMENTAL PROCEDURE
The experimental procedure of the flip chip solder bumping on electroless-deposited UBM is shown in Fig. 1 . 2000. Å Ti and 1 m-thick Cu layers were sputter-deposited on the silicon wafers. A Ti layer was applied to enhance the adhesion between Cu and Si, and Cu layer was subsequently deposited on the Ti layer without breaking the vacuum. These metal layers were then patterned using the standard photolithography and the wet etching process representing Cu interconnection pads of Cu chips. The circle size of dog bone shaped Ti/Cu pad was 500 m. The photosensitive dielectric polymer, 6 m thick BCB (Benzocyclobutene) [8] , was applied and patterned as a passivation layer on patterned Cu pads. The diameter of the patterned via was 450 m.
Since the electroless plating is a selective autocatalytic metal deposition process, electroless copper, nickel, and gold were deposited without any photolithography processes. The electroless copper plating was carried out at 46 0.5 C using commercial electroless Cu plating solutions. The main ingredients in the Cu plating solution were the copper sulfate (CuSO ) as a copper ion source and the formaldehyde as a reducing agent. The pH value of the plating solution was controlled by NaOH and was maintained about 12. The main components of the electroless nickel plating solution are the nickel sulfate (NiSO ) as a nickel ion source, the sodium hypoposphite (NaH PO ) as a reducing agent, the acetic acid (CH COOH) as a complexing agent, and the NH OH or H SO as a pH controller. The temperature of the plating bath was maintained at 90 0.5 C, and the pH value of the plating solution were about 4.6. To remove hydrogen bubbles produced during the plating reaction, N bubbling was performed. 0.1 m thickness of the electroless plated Au layer was applied to prevent the Cu or Ni oxidation. Table I shows the composition and the thickness of each layer of UBMs investigated in this study. Even though Cu has been traditionally favored as a solder wettable layer with Pb-Sn solders, the Cu layer can be completely consumed by the rapid Cu-Sn intermetallic compound (IMC) [9] depending on the Cu thickness and the thermal history. Both E-Cu A and E-Cu B were also prepared to study the effect of E-Cu thickness on the IMC formation and eventually the solder joint reliability. Since E-Ni deposition was five times faster than E-Cu deposition, the E-Ni combined with E-Cu UBMs was prepared for faster process. In addition, the emergence of high-Sn lead-free solders also prompt the use of Ni, because Ni has fifty times slower dissolution rate than Cu [10] . The E-Ni/E-Cu A and E-Ni/E-Cu B were also prepared to compare the E-Ni thickness effect.
Sn-36Pb-2Ag 500 m diameter solder balls were mounted on UBMs using the ball attaching method. Typical flip chip in packages may go through four times of the solder reflow process: first at the ball mounting on the chip, second at the flip chip mounting on CSP interposers, third at the CSP solder balls mounting, and fourth at the CSP assembly on boards. Therefore, at least four solder reflows applied at a peak temperature of 240 C and dwell times of 80 s. The ball shear tester was The scanning electron microscopy (SEM) and the energy dispersive x-ray (EDX) were used to examine the morphology and the composition of IMC layers at the UBM/solder interface. To investigate the morphology and the phase identification of IMCs formed at the solder and the UBM interface during the solder reflow, a selective etching technique was used. Samples were immersed in a solution of 35 g/l ortho-nitrophenol and 50 g/l NaOH in water at 80 C for approximately 30 min. This method removed the unreacted solder and left the IMCs and UBMs completely unaffected.
In order to observe the phase change of IMCs accurately, a micro-area X-ray diffractometer (Rigaku, Rint2000) was used. A beam diameter less than 100 m and a fixed time mode in the 2 range between 20 and 120 were used to identify IMCs exposed on the etched surface. Fig. 2 shows SEM images of the UBM using the electroless plating and the solder bumps in this study. Fig. 2 shows the patterned BCB passivation layer (BCB), E-Cu UBM, and E-Ni/E-Cu UBM.
III. RESULTS AND DISCUSSION
A. Morphologies and Kinds of IMCs
IMCs grow as Sn reacts with E-Cu or E-Ni during the solder reflow process at the solder/UBM interface. The microstructure, morphologies, and types of IMCs at the solder joint change depending on the types of UBM systems and the reflow process conditions resulting in a solder joint strength change.
Backscattered SEM images of UBM and UBM/solder interfaces after solder reflow cycles are shown in Fig. 3 . E-Cu A UBM systems are shown in Fig. 3(a)-(c) , and E-Ni/E-Cu A UBM systems are shown in Fig. 3(d) and (e). For the E-Cu, the first solder reflow consumes substantial fractions of the E-Cu layer, because the solubility of Cu in Sn is high and the dissolution of Cu is saturated within 1-3 s resulting in an extensive Cu-Sn intermetallics at the interface. The IMC thickness and size keep increasing after four reflows. However, the 3.5 m thick E-Cu was not completely consumed and the still leaving considerable amount of Cu on the Cu pad, which is proven by the EDS line scanning analysis shown in Fig. 4(a) .
For the E-Ni/E-Cu UBM, a very thin layer of Ni-Sn intermetallics is formed even after four solder reflows. It seems that the amorphous E-Ni deposited films lack of grain boundary for the fast diffusion path and are a good diffusion barrier layer. Nevertheless, it was reported that the E-Ni deposit may contain some porosity, and thus at least 5 m thickness is needed for reliable soldering applications [11] . However, a thicker layer of electroless deposited Ni may induce an undesirable residual tensile stress. Therefore, optimum E-Ni thickness control is needed in terms of solderability and stress. Fig. 4(b) shows the elemental cross-sectional analysis of the E-Ni/E-Cu A UBM after four solder reflows. Cu is not detected in the E-Ni layer, and did not interact with Sn. It is found that the 1.7 m thick E-Ni layer is a good diffusion barrier layer for Sn and Cu reaction up to four reflows at 240 C. It is also interesting to find that there is a P rich layer formed at the Ni-Sn intermetallic and E-Ni interface. During the solder reflow, Sn diffused inward into the E-Ni layer, forming IMC, expelling P. The E-Ni film plated from the NaH PO solution contains about 10 at.% P, and the P content in the P rich layer increases up to 20 at.% after the four reflow cycles. The mechanism of P-rich layer and thereby effects on bump reliability will be published later.
The shape and phase identification of the IMCs were investigated as a function of numbers of solder reflows as shown in Figs. 5 and 6. Unreacted solder bump was etched away by a chemical solution, and IMC phases were identified using a focused XRD analysis as shown in Fig. 7 . On the E-Cu UBM after solder reflows, scallop-liked intermetallics can be seen in Fig. 5 . In contrast, polygonal-shape intermetallics are formed on the E-Ni/E-Cu UBM as shown in Fig. 6 . The size of IMCs increases as the numbers of reflow increase. In the case of Cu and Sn interaction, equilibrium phase diagram indicates that the Cu Sn ( ) and the Cu Sn ( ) phase can be formed [12] . In this study, however, Cu Sn phase was not detected by a focused XRD. Although the Cu Sn phase formed after a short solder reflow time, it has been reported that the fraction of the Cu Sn phase is relatively small in Cu-Sn IMCs [13] . In the case of Ni and Sn interaction, the polygonal shape Ni Sn IMC formed at the solder/E-Ni interface is known to be the primary IMC phase.
B. Mechanical Property of Solder Joint
At solder/UBM joint, a proper growth control of IMCs is needed, because an excess IMCs growth may weaken the solder joint strength because of their brittleness. Therefore, it is important to understand the IMCs formation at the solder joint during the solder reflow process. The average bump shear strength measured at each UBM system is listed in Table I according to the number of reflows. Fig. 8 shows the relationship between the bump shear strength and reflow numbers at the various UBM systems. Bump shear strength values of the E-Ni/E-Cu UBM are relatively higher than those of E-Cu UBM. The polygonal-shape Ni Sn IMC and the mechanical interlocking effect of interface IMCs may contribute to the high bump shear strength.
At early reflow numbers, the bump shear strength remains almost constant except the rapid decrease after four reflows. Fracture surface analysis of the E-Ni/E-Cu UBM after a bump shear test is shown in Fig. 9 . The fracture occurred at the solder bump itself after one reflow cycle; however, a failure occurred partly at the solder and at the solder/E-Ni interfaces, as the number of solder reflows increases. After four reflows, the fracture sites are changed from the solder/E-Ni interface to the E-Ni/E-Cu UBM itself or Cu pad delamination. The EDX analysis on the fracture surfaces indicates that the region "B," "C," and "D" in Fig. 9 are E-Ni layer itself, Cu layer, and a Ti layer, respectively. The brittle fracture located at the Ni Sn /P rich interface indicated at the "B" region of Fig. 9 (b) and (c) was due to a poor interfacial strength between the Ni Sn and the P-riched Ni surface [14] . Rapid drop of bump shear strength after four reflows can be partially due to the poor adhesion between Ti/Cu interfaces, which may be due to the induced stress during multiple reflows. After all, as the numbers of the reflow cycle increase, the fracture sites gradually changes from solder inside to Ni Sn /P rich layer interface and eventually to the E-Ni/E-Cu UBM or Cu pad delamination.
The fracture surfaces after the bump shear test of E-Cu UBM are shown in Fig. 10 . Their fracture modes are different from those of the E-Ni/E-Cu UBM. Most fractures occur within the Cu Sn IMC layer neither at the IMC/E-Cu interfaces nor through the solder. The rough surface morphology and EDX analysis identify the existence of Cu Sn at the fracture surface.
At the E-Cu UBM, one solder reflow forms extensively brittle Cu Sn IMCs as shown in Fig. 3 . However, for most of 3.5 m thick of E-Cu samples, the fracture mode of more than 80% of 30 bumps was changed to Si cratering after four reflow cycles. As a result the ball shear strength values rapidly decreased [ Fig. 10(b) ]. Si cratering behavior can be explained by the induced stress. It was reported that similar Si cratering occurs, when the solder and E-Cu UBM reaction induced large stress during multiple solder reflows [15] . In contrast, the fracture mode of 5 m thick E-Cu UBM after four reflows is still the same as the first reflow, because sufficient amount of E-Cu still exist.
It can be presumably explained that the thick unreacted E-Cu layer plays an important role as a stress buffer layer for the 5 m thick E-Cu UBM. However, in case of the 3.5 m thick E-Cu UBM, the unreacted E-Cu layer may be too thin to relieve the stress induced during the multiple reflow process.
IV. CONCLUSION
Electroless deposited UBM systems using the electroless copper (E-Cu) and electroless nickel (E-Ni) plating methods were successfully demonstrated as low cost UBM alternatives on Cu pads, and It was found that the E-Ni/E-Cu UBM material system was a better choice for solder flip chip interconnection on Cu pads than the E-Cu UBM.
For the E-Cu UBM, rapidly extensive scallop-like Cu Sn intermetallic compound (IMC) forms at the solder/E-Cu interface, and the bump fracture occurred along this interface under a relatively small load less than 500 gf. The increase in the Cu-Sn IMC thickness during the solder reflows cycles at the solder/E-Cu/Cu/Ti/Si system may induce the stress at the interface resulting in frequent Si cratering. Therefore, controlling the E-Cu thickness is an important factor to have a reliable bump shear strength during multiple reflows.
In contrast, at the E-Ni/E-Cu UBM, E-Ni serves as a good diffusion-barrier layer. The E-Ni effectively limited the growth of the IMC at the interface, and the polygonal-shape Ni Sn IMC resulted in relatively higher adhesion strength about 100-150 gf compared with the E-Cu UBM. As the numbers of reflows increase, the fracture sites gradually changes from solder inside to Ni Sn /P rich layer interface and eventually to the E-Ni/E-Cu UBM or Cu pad delamination.
